The concentrations of 18 atmospheric carbonyls species were measured at Nan-Chie and Hsiung-Kong sites in Kaohsiung City, Taiwan, during the summer and winter of 2006. Formaldehyde and acetaldehyde were the most abundant carbonyls with respective annual mean concentrations of 17.99 g/m 3 and 13.69 g/m 3 at Nan-Chie, and 21.47 g/m 3 and 16.68 g/m 3 at Hsiung-Kong; altogether the two species accounted for approximately 56-57% of total carbonyls. In summer, the total concentrations of carbonyls were 74.06 g/m 3 and 89.99 g/m 3 at Nan-Chie and Hsiung-Kong, respectively. In winter, the concentrations were 37.14 g/m 3 and 46.50 g/m 3 at Nan-Chie and Hsiung-Kong, respectively. Measured results indicated the predominance of photolysis and photooxidation reactions of aldehydes in summer. In this study, receptor models using principal component analysis (PCA) and absolute principal component scores (APCS) suggest that the primary pollution sources at Nan-Chie in the summer were secondary emissions/vehicle exhausts (gasoline engines)/stationary emissions (food industry), stationary emissions (petrochemical)/waste treatment and restaurant emissions; the primary pollution sources at Nan-Chie in winter were vehicle exhausts (gasoline engines)/stationary emissions (petrochemical) and restaurant emissions. At Hsiung-Kong, the primary pollution sources in summer were secondary emissions/vehicle exhausts (gasoline engines and diesel engines)/stationary emissions (metal assembly), restaurant emissions and others; the primary pollution sources in winter were vehicle exhausts (gasoline engines)/restaurant emissions and vehicle exhausts (diesel engines)/stationary emissions (metal assembly).
INTRODUCTION
Carbonyl compounds (carbonyls), which have adverse health effects on humans (Carlier et al., 1986; Zhang et al., 1994; Hauptmann et al., 2004; Cerón et al., 2007) , are emitted directly from primary sources, including exhaust gases of motor vehicles, and by the incomplete combustion of hydrocarbon fuels in industrial machinery and industrial processes (Cavalcante et al., 2006; Liu et al., 2006; Seco et al., 2007) . Atmospheric photooxidation is an important secondary source of carbonyls, and involves a reaction of ozone with organic compounds that are associated with air pollution. Aldehydes and ketones are important products of the photooxidation of gas-phase hydrocarbons in sunlight (Hoekman et al., 1992; Baez et al., 1995; Grosjean et al., 1996; Katsoyiannis et al., 2008) .
Kaohsiung City (22°38'N, 120°17'E) is a heavily industrialized and densely populated harbor city in southern Taiwan, with , and approximately 1,281,000 registered vehicles (380,000 cars, 886,000 motorcycles, and 15,000 trucks). Significantly, dense traffic, and intensive industrial and commercial development have caused Kaohsiung city and the surrounding Kaohsiung and Pingtung counties to have the poorest air quality in Taiwan. The quality of the air in southern Taiwan, is lowest from the late fall to the middle of spring, either because of increased ground-level concentrations of PM or ozone that is associated with unfavorable meteorological conditions (Chen et al., 2004) .
This study presents measurements of the concentrations of 18 carbonyls species at two Kaohsiung sites in summer and winter. The seasonal variations of the atmospheric carbonyls levels were investigated. Receptor models using principal component analysis (PCA) and absolute principal component scores (APCS) were applied to estimate seasonal variations in source contributions.
EXPERIMENTAL PROCEDURES

Sampling Sites and Periods
The two sampling sites, Nan-Chie and Hsiung-Kong, shown in Fig. 1 , are located in the northern and central parts of Kaohsiung City, respectively. As shown in Fig. 1 
Analysis
The concentations of 18 carbonyls were measured in ambient air. They were formaldehyde, acetaldehyde, acetone, propionaldehyde, crotonaldehyde, butyraldehyde, benzaldehyde, isovaleraldehyde, valeraldehyde, o-tolualdehyde, m-tolualdehyde, p-tolualdehyde, hexaldehyde, cyclohexanone, heptaldehyde, octaldehyde, nonaldehyde, and decylaldehyde. Carbonyls in air were sampled for 3 h at a flow rate of 0.8 L/min using a silica cartridge that was impregnated with acidified 2,4-dinitrophenylhydrazine (Waters Sep-Pak DNPH-silica), which is very reactive toward carbonyls. The flow rate through the cartridges was measured using a rotameter before and after each sampling period. The rotameter was calibrated in the laboratory against a soap bubble flow meter. An ozone scrubber was connected before the DNPH-silica cartridge to prevent interference by ozone. The sampled cartridges were eluted slowly with 5 mL of acetonitrile (ACN) into a 5 mL volumetric flask, and stored under refrigerating conditions until use. The eluted samples were stable at 4°C for up to one month. A 10 L aliquot was injected into the High Performance Liquid Chromatograph (HPLC) system through an auto-sampler.
Calibrations were conducted using standard solutions of five concentrations for carbonyls species, all with a coefficient of determination, R 2 , above 0.999. The calibration standard was run daily to ensure that instruments were stable. In series, cartridge collection efficiency was determined using two cartridges, analyzed cartridge collection efficiency exceeded 99% for carbonyls found in the first cartridge. Second set of elution tests indicated the complete recovery of all of the carbonyls. Relative percentage differences (RPDs) for duplicate analysis were less than 5%. Method detection limits (MDLs) were determined by performing seven replicate analyses of the working standards at the lowest concentration. For sample volumes of 144 L, the MDLs of DNPH derivatives for carbonyls were found to be in the range 0.38 to 1.38 g, with accuracies from 93.9 to 104.1%. Laboratory blank samples were prepared and analyzed; all data were corrected with reference to a blank. Recovery efficiencies of 97.8 to 114.3% were achieved.
PCA/APCS RECEPTOR MODELS
In this study, principal component analysis (PCA) was applied to identify potential sources of atmospheric carbonyls. PCA is frequently used in data reduction to identify a small number of factors that explain most of the variance observed in a larger number of manifest variables. The factors were extracted using PCA, which involves varimax orthogonal rotation to determine the eigenvalues of the variance matrix of original variables; usually, factors with eigenvalues > 1 are chosen. Once a factor is determined by PCA, it consists of patterns of variation of the factor loadings of input parameters. The correlation between a specific pollutant and a factor increases with the factor loading. The characteristics of a factor can then be inferred from the dominant pollutants, such as VOCs, PAHs and carbonyls (Derwent et al., 1995; Ho et al., 2002a; Johnson and Wichern, 2002; Chang et al., 2009; Wang et al., 2010) . Notably, the factor loadings in PCA only provide the relative influences of individual pollution sources on specified pollutants.
Absolute principal component scores (APCS) were used to assess contributions of individual sources to specified pollutants (Thurston and Spengler, 1985; Swietlicki et al., 1996; Guo et al., 2004a Guo et al., , 2004b Karar and Gupta, 2007; Chen et al., 2008; Duan et al., 2008; Wang et al., 2010) . In the application of APCS, the concentration of each pollutant at each sample site was normalized with respect to its mean and standard deviation. In PCA, the new standardized variables, with zero means and unit variances, are expressed as a linear combination of pollution sources and pollutants in source profiles, which can then be determined by varimax orthogonal rotation to determine the coefficients and therefore the absolute scores (or contributions) of the pollution sources. Like all other multivariate receptor models, the PCA and APCS models need adequate source profiles and degrees of freedom enable regressions to be performed. These receptor models may not be able to separate sources that are similar. The problem of collinearity can be solved by combining similar sources of single category (Ho et al., 2002a; Guo et al., 2004b; Karar and Gupta, 2007; Chen et al., 2008) , to help identify possible sources.
RESULTS AND DISCUSSION
Characteristics of Carbonyl Compounds in Summer and Winter
In this study, concentrations of 18 carbonyls were measured at the Nan-Chie and Hsiung-Kong sites in Kaohsiung city. Fig. 2 plots the seasonal variation of carbonyls at Nan-Chie and Hsiung-Kong sites. The average concentrations of formaldehyde and acetaldehyde at both sites were significantly high in summer. The concentration of total carbonyls at Nan-Chie was 74.06 g/m 3 in the summer and 37.14 g/m 3 in the winter, and that at Hsiung-Kong was 89.99 g/m 3 in the summer and 46.50 g/m 3 in the winter, due to the fact that summer has stronger photochemical activities than in winter. Photochemical activity and temperature are important in the creation of carbonyls at the sampling site during the summer (Cerón et al., 2007) . Atmospheric photooxidation is an important secondary source of carbonyls, which it produces photochemically at a higher level in summer than in winter, direct vehicular emissions were the principal source of carbonyls in the winter (Possanzini et al., 1996; Ho et al., 2002b) . The low concentrations of these carbonyls in the summer were due to the photolysis of these carbonyls to form hydroxyl radicals (Anderson et al., 1996; Christensen et al., 2000) . ), respectively. The difference between the major carbonyl species at the two sites was related to the different sources of atmospheric carbonyls. Motor vehicle exhaust is expected to be the most important source of carbonyls in cities, which are the key compounds in the photochemical generation of air pollution (Carlier et al., 1986) . The overall mean concentrations of total carbonyls at Nan-Chie (55.60 g/m 3 ) were approximately 22.8% lower than at Hsiung-Kong (68.25 g/m 3 ), consistent with the fact that the mean traffic volume (including motorcycles, gasoline cars, and diesel trucks) at Hsiung-Kong (11,067 vehicles per day) is about 60% higher than that at Nan-Chie (6,611 vehicles per day) (Lai et al., 2005) . Table 3 presents the ratios of formaldehyde/ acetaldehyde (C 1 /C 2 ) and acetaldehyde/propionaldehyde (C 2 /C 3 ) thus obtained in this study and those obtained in other (Zhang et al., 1994; Possanzini et al., 1996; Slemr and Junkermann, 1996; Andreini et al., 2000; Grosjean et al., 2002; Ho et al., 2002b; Bakeas et al., 2003; Villanueva-Fierro et al., 2004; Moussa et al., 2006; Rubio et al., 2006; Pal et al., 2008) . C 1 /C 2 ratios usually vary from one to two in an urban area to about ten in a rural area (Shepson et al., 1991; Possanzini et al., 1996) . A high C 1 /C 2 ratio may reflect the local generation of natural reactive hydrocarbons, whose oxidation yields more formaldehyde than acetaldehyde (Lloyd et al., 1983) . The higher C 1 /C 2 ratio in summer (1.47) in this study may be related to the fact that the lifetime of formaldehyde exceeds that of acetaldehyde with respect to photolysis and reactions with hydroxyl radicals, NO 3 radicals, and O 3 (Atkinson, 2000) . The higher C 1 /C 2 ratio in summer (1.47) than in winter (1.03) herein matched findings in Rome (Possanzini et al., 1996) , eastern Finland (Viskari et al., 2000) , and South Korea . This difference is further explained by the experimental estimation of the secondary conversion of alkenes to formaldehyde and acetaldehyde of 0.39 and 0.18 (0.23 and 0.15) in summer (in winter), respectively (Asthuller, 1993) .
Ratios of Concentrations of Carbonyl Compounds
The C 2 /C 3 ratio should be used as indicators of the anthropogenic origin of ambient carbonyls, since propionaldehyde is believed to be associated only with anthropogenic emissions (Anderson et al., 1996) . Thus, this ratio is typically found to be high in rural air, but low in urban air (Feng et al., 2005) . C 2 /C 3 ratios are much lower in summer (3.46) than in winter (10.77). They are persistent, despite the fact that the lifetime of acetaldehyde exceeds that of propionaldehyde with respect to photolysis and reactions with hydroxyl radicals, NO x radicals, and O 3 (Atkinson, 2000) . Notably, the large photochemical production of acetaldehyde at high temperatures and strong solar radiation may be counterbalanced by its rapid loss due to photolysis and reactions with hydroxyl radicals (Christensen et al., 2000; Sin et al., 2001) .
The mean C 1 /C 2 value obtained from all data in this study was 1.30, which may indicate strong emissions from urban areas. The mean C 2 /C 3 value in this study was 4.70, suggesting that the local participation of anthropogenic hydrocarbons was important in the production of carbonyls at the sampling site. The results were similar to those obtained in Rome (Possanzini et al., 1996) .
Source Identification and Apportionment
The PCA/APCS receptor models were applied to identify and evaluate potential emission sources of carbonyls and their contribution to carbonyls at both sites in the summer and winter in Kaohsiung. Table 4 presents PCA/APCS results for the 18 carbonyls species at the Nan-Chie site in summer. The three primary factors (sources) were: secondary emissions/vehicle exhausts (gasoline engines)/stationary emissions (food industry), stationary emissions (petrochemical)/waste treatment and restaurant emissions. The characteristics of the three sources at the Nan-Chie site were as follows:
FC1: The dominant species are formaldehyde and acetaldehyde, which are related to secondary emissions (photochemical reaction) (Christensen et al., 2000) , formaldehyde, benzaldehyde and tolualdehyde are related to gasoline engines emissions (Kean et al., 2001) , and acetaldehyde and isovaleraldehyde are related to food industry emissions . 
Restaurant emissions
Notes. Only factor loadings > 0.1 are listed and > 0.7 appear in bold.
FC2:
The dominant species are acetone, propionaldehyde and hexaldehyde. These species are related to petrochemical industry emissions (Dincer et al., 2006) . Acetone and butyraldehyde are found not only in emissions from petrochemical industry emissions but also in waste treatment emissions .
FC3: The dominant species are in restaurant emissions are heptaldehyde, octaldehyde, nonaldehyde and decylaldehyde (Chiang et al., 1997; Shimoda et al., 1997; Schauer et al., 2002) .
Three factors were identified at the Nan-Chie site in winter (Table 5) . FC1: high loadings of formaldehyde, benzaldehyde and tolualdehyde are related to gasoline engines emissions, whereas acetone, propionaldehyde and hexaldehyde are related to petrochemical industry emissions. FC2: high loadings of acetaldehyde and isovaleraldehyde are related to food industry emissions , whereas acetaldehyde, crotonaldehyde and cyclohexanone are found in diesel engines emissions (Schauer et al., 1999; Peng et al., 2008; Lin et al., 2009) . FC3: high loadings of heptaldehyde, octaldehyde, nonaldehyde and decylaldehyde are related to restaurant emissions.
At Hsiung-Kong, three primary factors in summer (Table 6 ); were secondary emissions/vehicle exhausts (gasoline and diesel engines)/stationary emissions (metal assembly); restaurant emissions; and others. Notably, the high loadings of carbonyls in FC1 and FC2 species are similar to those at Nan-Chie. However, isovaleraldehyde and valeraldehyde were difficult to identify from FC3. However, acetaldehyde, acetone and butyraldehyde were associated with metal assembly industry . In winter, the following only two factors at Hsiung-Koang (Table 7) ; the only two factors were vehicle exhausts (gasoline engines)/restaurant emission and vehicle exhausts (diesel engines)/stationary emissions (metal assembly). All dominant FC1 and FC2 species were similar to those at Nan-Chie. The APCS receptor model was applied to quantify the contributions of the sources. At the Nan-Chie site in the summer, secondary emissions/vehicle exhausts (gasoline engines)/stationary emissions (food industry) were responsible for 44.5 ± 11.6% of the carbonyls concentration, followed by stationary emissions (petrochemical)/waste treatment (33.1 ± 11.7%), and restaurant emissions (22.4 ± 12.1%) (Fig. 3a) . In the winter, vehicle exhausts (gasoline engines)/stationary emissions (petrochemical) accounted for most of the carbonyls concentration (57.2 ± 12.7%), followed by stationary emissions (food industry)/vehicle exhausts (diesel engines) (22.8 ± 10.8%), and restaurant emissions (20.0 ± 12.1%) (Fig. 3b) . At the Hsiung-Kong site in the summer, secondary emissions/vehicle exhausts (gasoline engines and diesel engines)/stationary emissions (metal assembly) were responsible for most of the carbonyl concentration (63.9 ± 13.6%), followed by restaurant emissions (21.1 ± 11.4%), and others (15.0 ± 8.5%) (Fig.  4a) . In the winter, vehicle exhausts (gasoline engines)/ restaurant emissions were responsible for most of the carbonyls concentration (55.9 ± 12.8%), followed by vehicle exhausts (diesel engines)/stationary emissions (metal assembly) (44.1 ± 13.5%) (Fig. 4b) . 
Restaurant emissions
Notes. Only factor loadings > 0.1 are listed and > 0.7 appear in bold. The APCS results demonstrate that secondary emissions and vehicular emissions are the dominant source of ambient carbonyl in the summer, while vehicle exhausts predominated carbonyls emission in the winter at the two sites. However, other sources, such as stationary emissions and restaurant cooking emissions, are also important.
Notably, the APCS results may vary from case to case, because many factors, including temperature, seasonal variation, wind speed, wind direction, and other pollution sources, affect the contribution of pollution sources to atmospheric carbonyls concentrations. 
CONCLUSIONS
The characteristics of 18 atmospheric carbonyls species at northern (Nan-Chie) and southern (Hsiung-Kong) sites in summer and winter of 2006 in Kaohsiung City were studied. The most abundant species in the atmosphere of Kaohsiung were formaldehyde and acetaldehyde, altogether accounting for approximately 56-57% of total carbonyls. The mean concentration of carbonyls at Nan-Chie was 74.06 g/m 3 in the summer and 37.14 g/m 3 in the winter, while those at Hsiung-Kong were 89.99 g/m 3 in the summer and 46.50 g/m 3 in the winte. The overall mean concentration of carbonyls at Hsiung-Kong (68.25 g/m 3 ) is higher than that at Nan-Chie (55.60 g/m 3 ), consistent with the fact that the mean traffic volume at Hsiung-Kong is about 60% higher than that at Nan-Chie.
The receptor models of PCA/APCS showed that secondary emissions, at both sites, stationary emissions, vehicle exhausts and restaurant emission were primary sources of atmospheric carbonyls in the summer, and stationary emissions, vehicle exhausts and restaurant emission in the winter season.
